Six visualfunctions, once developed to adult levelsofperformance, have been notedto exhibit littleor no alterationwith aging(alsoseeAppendix, Note1
M
ANY visual and other functions are affected adversely by aging (e.g., 1-32; refs. 1-4 contain extensive reviews). That is, visual sensitivities generally are reduced, and responses are often less effective in aged individuals. Thus, it is of special interest to find that there are responses that are not affected significantly or are minimally affected by aging. Here we bring together studies describing a number of such visual responses, and discuss aspects of this interesting set of findings (1) .
Six visual functions have been found to be resistant to agerelated changes; three originally were identified by the authors (1), and three others were defined by different scientists (see Acknowledgments as well as Appendix, Note 1):
1. The Stiles-Crawford effect of the first kind (SCE-I): This response function is also known as the "directional sensitivity of the retina" (33) . Light beams entering different parts of the eye pupil are differentially absorbed by retinal photoreceptors that act as fiber optic elements and waveguides. Normally, photoreceptors tend to align with, and be most receptive to, light entering near to the center of the pupil. The SCE-I effect is greatest at photopic (or daylight) light levels. This is predominantly a physically/physiologically based response function (1,33-50; refs. 36,37 contain extensive reviews).
Stated alternatively, information contained in the environment reaches retinal photoreceptors through the eye pupil. Thus, for efficient information capture and maximization of image contrasts, there needs to be an effective alignment match across the retina between photoreceptor apertures and the pupil.
2. Two-or three-point (or line) vernier acuity or alignment: As an example; if there are two points of light, and the experi-B336 menter asks an observer to line them up, (say) one above the other, this is a vernier alignment task (51) (52) (53) . In vernier acuity, the observer determines where one object is located relative to one or more other objects in space, and in the particular case just described (a two-point vertical alignment task), the observer employs as a reference the observer's own internal sense of the vertical. Vernier acuity is a neurophysiologically based function (1, , and belongs to the general class of "hyperacuity functions" (see below, 51, 52) .
The word "acuity" can be confusing in this context. These responses are very different from commonly measured visual acuity (VA), which is a resolution-related task (1,20--25) .For example, if one considers the letter "E," one may determine whether the observer can resolve the individual "fingers" of the letter E, and their orientation (as in the "illiterate E visual acuity test").
3. Certain color constancies (e.g., unique blue, unique yellow, and unique white) are perceived to be relatively invariant in appearance with aging. Although physical stimuli capable of stimulating vision are commonly altered by age-related ocular media changes, and many objects appear differently in hue, saturation, and luminance to older observers, we perceive certain hues to be constant or apparently unaltered. These color visionrelated effects have their origins in retinal neural processes (1,80--94) . 4 . Positional acuity; spatial interval discrimination performance: In the peripheral retina, at fixed distances away from the point of regard or the point of visual fixation, it has been shown that comparison of separations or spatial extents of two stimuli are unaffected by aging. This is a relativejudgment where
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two objects are compared. This is another hyperacuity function (95, 96) .
5. "The Westheimer function": Professor G. Westheimer of the University of California at Berkeley, utilizing knowledge about neurophysiological spatial interactions having origin in the retina (receptive fields), defined a center-surroundlike visual response function (see [97] [98] [99] [100] . This test of spatial vision simulates to some degree (the term "duplicates" is not used!) an important neural data processing format recorded in neurophysiological testing of the retina in species including primates. Thus, an attempt is made to relate a psychophysical test to a physiological process. Comerford and colleagues (101) have provided evidence that this relationship is largely age-independent in adults. The properties of these neural interactions are revealed psychophysically by the determination of a just detectable spot of light upon background fields of differing dimensions and luminances.
6. "Modulation (motionj-induced-desensitization": This temporal factor-related visual response (97) (98) (99) most probably reflects underlying dominant retinal neural organization. It is a separate attempt to relate a psychophysical test to an observed neurophysiological response process: In this case, the reference is to a time-varying response mechanism associated with image motion (rotation of a vaned target). Comerford and colleagues (100) have shown that this response also is age-change-resistant. Thus, this is a neurophysiologically based function having properties revealed through psychophysical testing using an increment threshold technique.
Note that some years ago, Enoch developed a set of "layerby-layer" perimetric techniques that allowed vertical (and local) "dissection" of visual system responses (largely) within layers of the retina. Included in this series of tests were the SCE-I, the Westheimer function, and what he then called the "Werblin function" (97) (98) (99) . The latter test was renamed the "modulationinduced-sensitization function" by Comerford and associates (100) .
Important Visual Responses Affected by Aging in Normal Individuals
Most visual functions show significant decline with increasing age (1) (2) (3) (4) . Anatomical changes in the eye, such as decreased transmission of the ocular media, increased scatter in the cornea, eye lens, vitreous body, and retina as well as decreased pupil size are responsible for much of the age-related decline in vision (5) (6) (7) (8) (9) (12) (13) (14) (15) (16) (17) (18) (19) . Before speaking of visual functions exhibiting little or no changes as an individual ages, it is useful to provide the reader with an example of one of many visual responses that are age-sensitive. Arbitrarily, visual acuity has been chosen, largely because it is an important visual function that is familiar to most readers.
High-contrast visual acuity measured under high illumination conditions shows only modest losses with increasing age (20) (21) (22) (23) 102) . Reducing the contrast of the chart at high light levels or combining reduced contrast of the letters with reduced illumination results in more drastic age-related effects. Adding surrounding glare also produces earlier age effects than do more familiar measurements of high-luminance, high-contrast visual acuity. Here, examples are given of the impact of changes in contrast and illumination conditions upon measures of detail vision (visual acuity). These data come from a random sample of 900 older individuals living in Marin County, CA (21) (22) (23) (24) (25) . In the study quoted, four different letter charts were used. Figure 1 shows the Bailey-Lovie high-contrast visual acuity chart (23) . A high-contrast chart is the one used most commonly for acuity measurements in most ophthalmic offices and drivers license testing centers. The contrast of the letters exceeds 90%. Figure 2 shows a low-contrast version of the Bailey-Lovie chart with reduced contrast between the letters and the background (18% contrast). Both of these charts are used with high illumination conditions. Figure 3 shows a lowcontrast, low-luminance chart (black letters on a dim gray background) called the SKILL Card (24) . The contrasts of the letters on this chart are similar to the Bailey-Lovie low-contrast chart shown in Figure 2 , but the background luminance is 10 times lower (24) . Figure 4 shows the chart used to assess the effects of surrounding glare. The Berkeley Glare Test (25) consists of a low-contrast, near-acuity chart presented with surrounding glare (3300 cd/rrr') produced by rear illumination. Figure 5 is a comparison of the median results found in this population of 900 older observers when tested under binocular conditions using their own habitual spectacle corrections on these four test charts. It is clear that the population shows only small changes in high-contrast acuity (open squares) with de-B338 ENOCHETAL. creases from 20/20 only evident after the age of 73. Reducing the contrast of the letters while maintaining high illumination (solid circles) produces a more evident decline starting about five years earlier. The most dramatic losses are found when both the contrast and luminance are reduced (SKILL card, open triangles) or when surrounding glare is added to a low-contrast target [solid squares; (25) ]. For the two oldest age groups (ages 90-95 and over 95), low-contrast acuity in glare is 20/800 and unmeasurable, respectively (21, 22, 24) . A slice in the figure at age 82 shows the interacting effects of contrast and luminance on visual acuity measurements. At this age, the median highcontrast visual acuity is still as good as 20/30, whereas lowcontrast, high-luminance acuity has decreased to 20/55, lowcontrast, low-luminance acuity has dropped to 20/120, and low-contrast acuity in glare is 20/160. The standard highcontrast, high-luminance measure of vision for the median 82-year-old implies that vision function is little affected by age, but the other conditions, which are more like those encountered in daily life, demonstrate the large losses suffered as a function of age. These issues must be considered in terms of quality of life, in the designs of facilities for aging populations, and in situations where safety is at issue (1). Figure 3 . The SKILL Card, a visual acuity card designed for near use, is based on the same design principles as the Bailey-Lovie distance acuity chart. One side of the card has black letters on a white background (>90% contrast as in Figure 1 ) and the other side has black letters on a dim gray background (-15% contrast). On the second side, the background luminance of the dark side is 10 times lower than on the light side. Obviously, it is difficult to reproduce the lower luminance side accurately in the illustration. Visual acuity is recorded for each test, and the difference between performance is noted for the two tests. A young observer loses about 3 lines of acuity when going from the light to the dark side of the card and using the same test luminance level. Older observers are more seriously affected.
SIXAGE-RESISTANT VISUAL FUNCTIONS
The SCE-I: Background and Methods
The SCE-I measures the relative efficiency (or ability) ofradiant energy in the visual spectrum, which enters from different points (or locations) in the entrance pupil of the eye (defined as the true pupil of the eye viewed through the cornea of the eye), to stimulate vision at a specified retinal test locus (33) (34) (35) (36) (37) . Many factors, a number of which will be discussed later, contribute to this response function, but, predominantly, the SCE-I is a measure of the relative directional sensitivity of the retinal photoreceptors contained (and participating in the visual response) in the sampling area. Since receptors have rather narrow apertures, well oriented photoreceptors serve to select light passing through the pupillary aperture, and to enhance contrasts
noted, in normal observers, most often, the peak of sensitivity is located near the pupil center (36, 37 (36, 37) . However, the SCE-I is not highly dependent upon test method used; for example, Rynders, Grosvenor, and Enoch (41, 42) recently employed a bipartite field, and others have flickered two beams of light in order to achieve a brightness match. Individual data sets may show alterations in aging, but the ratio of relative sensitivity, Measuredsensitivity at a sampledpoint x,y in the entrancepupilof the eye, Measuredsensitivity at the point of maximumsensitivity withinthe eye pupil has been found to be relatively independent of observer age (33) (34) (35) (36) (37) (39) (40) (41) (42) (43) (44) (45) 49) . Few of these studies were designed to sample the effect of aging per se; rather, they represented longitudinal reassessments of SCE-I in experienced observers over lengthy time periods.
Uncorrected blur resulting from peripheral beam entry into the entrance pupil, or poor aperture or field stop position control, or scatterers resulting in glare and/or nonuniform scatter, or the presence of absorbers (e.g., nonuniformly distributed yellow pigmentjsj), etc., can alter resultant determinations of TI'/T]. During these tests, great care is needed in order to minimize the effects of ocular optical aberrations (e.g., spherical aberration) on these measurements.
Stiles fit SCE-I data with a parabola (33) (34) (35) (36) (37) (38) . The ratio of relative sensitivity was scaled logarithmically on the ordinate, and displacement in the entrance pupil was scaled linearly in mm on the abscissa. For normal subjects, these fitted parabolic functions tend to break down relative to the data set between 2.5 mm and 3.0 mm from the peak of the function (x max ' Ymax)'
If one slices a parabola of rotation (a paraboloid) parallel to the axis of rotation, but in a plane displaced from the peak, the parameter rho (p; the "spread" of the parabola) is not altered (38) . This feature is very useful if the "true peak" of directionality is not located in the pupillary meridian tested in such studies, or does not pass through the pupil center. Age (years) Figure 5 . Median visual acuities are shown for a population of 900 observers tested binocularly with habitual correction. Visual acuity was measured on the high-and low-contrast Bailey-Lovie charts, the SKll...Lcard, and the Berkeley glare tester as a function of age. High-contrast acuity shows little change with age, whereas low-contrast acuity in glare or with low luminance shows dramatic effects of age.
by diminishing absorption of stray light reflecting within the ocular globe.
The maximum of SCE-I sensitivity may be determined experimentally in the horizontal and vertical (or other) meridians in the entrance pupil of the eye (xmax,ymax), and the sensitivities of all other points of beam entry into the entrance pupil of the eye (x,y) can be referenced to this point of maximum sensitivity (38) . Either the center of the dilated entrance pupil of the eye or the corneal reflex (reflection) can be used as a reference for location of test points in the pupil of the eye (38, 39 .4
"1 2 care needs to be taken in analysis of these data sets. One cannot assume transretinal homogeneity in photoreceptor alignment! Twenty-five years later, in 1981, T.G. had a vitreous body detachment (separation) without retinal detachment in the amblyopic right eye. On October 19, 1993, T.G. experienced a vitreous body detachment and had a small atrophic retinal hole, a small hemorrhage, and floaters in his originally more normal left eye. On October 29, 1993 , in the left eye, he had a superior temporal quadrant retinal detachment with multiple tears which approached to within 30°of his point of central fixation. This retinal detachment was treated promptly by major surgical intervention (see Appendix, Note 2, for description of the surgery).
All things considered, Rynders' measurements (41,42), conducted "blind" about 9 months after T.G.'s retinal detachment and surgical repair (Figure 7 A,B) in the more normal left eye, show remarkable similarity to data obtained by Enoch 38 years earlier (Figures 6, 7~ [43] ). In both eyes, there were no significant differences recorded across this time span in the SCE-I function. Similarities between the two data sets in each eye are startling. Other excellent SCE results have been recorded following retinal detachments and their surgical repair (e.g., 36, [46] [47] [48] . The results reported here demonstrate the robustness ofTG.'s photoreceptor alignment mechanism(s), as well as the stability of the factor( s) that resulted in the distortion of TG.'s SCE-I function in his amblyopic right eye.
SCE-I:
experimental.-A research paper may emphasize that the peak of the SCE-I function changed (had displaced) say, 1/2 mm (or 1.0 mm) from the center of the eye pupil (or the peaks vary this much between eyes). Since, as noted above, this is only 1.25°(or 2.50°) at the retina, the conceptual framework has to be turned about, and one may ask, "How can this property be so stable?" The incredible stability of these response functions (both peak locations and the parameter rho) has often been noted. And it has been argued by Enoch and others that this is evidence for the existence of an active control process maintaining photoreceptor alignment, and, hence, imparting remarkable stability to SCE-I responses across time (36, 37) .
As a demonstration of this stability, a recent reexamination of the eyes of the individual TG. (in 1994), now in his 70s (41, 42) , is presented here. Enoch had studied TG. 38 years earlier in 1956 (43) . Rynders built a new SCE instrument for measuring the SCE-I and reassessed T.G.'s photoreceptor alignments.
T.G. was the first individual Enoch studied when he suggested that there had to be a subclass of individuals with a form of "organic" or anatomically based amblyopia associated with anomalous photoreceptor alignment (then termed "receptor amblyopia" [43] [44] [45] , and later termed "organic amblyopia"). Disturbed orientations of photoreceptors alter (a) the relationship between the axial alignments of the apertures of the receptors (measured relative to the center of the pupillary aperture), and/or (b) the alignments of the axes of the photoreceptors with each other and the eye pupil, and/or (c) can result in frustrated total reflection-a form of "cross-talk" between neighboring photoreceptor fiber optics elements acting as waveguides. These factors would be expected locally to affect (adversely) absorption of radiant energy, retinal resolution, and visual acuity (not a major effect), and (as termed today) the modulation transfer function at the retinal locus tested. Individuals manifesting such anomalies were predicted to exhibit some modest degree of receptor amblyopia, and this would be signaled by characteristic changes in the measured central retinal SCE-I.
When first tested in 1956, TG. had 20120 visual acuity in his left eye, and a low degree of amblyopia (reduced visual acuity of known or unknown cause) resulting in a visual acuity of 20/40(-) in his right eye (43) . Eye fixation upon objects attended in each ofTG.'s eyes was good. The SCE-I function in his left eye was normal, and was both disturbed in form and reduced in sensitivity in the amblyopic eye ( Figure 6 A,B) .
It is often difficult to assess exactly the same subset of retinal receptors for both visual acuity and the SCE-I. Hence, great of sensitivity, rmax' assessed in the meridian tested. Rho, p, is a constant of the parabola. The higher the value of rho, the more steeply curved the parabola, and, conversely, when p = 0, the function collapses to a flat line parallel to the abscissa.
In eyes where anomalies are present, a parabola often does not provide a best fit to SCE-I data. Because it is useful to compare changes noted in eyes with anomalies with data obtained from normal eyes, the same function is usually employed with reservations stated (e.g., as in Enoch's original assessments of TG.'s SCE-I function in his normal and amblyopic eyes [43] , and 38 years later when Rynders, Grosvenor, and Enoch reported repeated measurements on T.G.'s eyes [41, 42] ).
• 1956 pUblished dala 3,5-10,12-16), the fundamental structure of most photoreceptor cells and their milieu must be sustained in order for them to remain functioning in a reasonably normal manner as the individual ages. Some individual aging photoreceptor cells exhibit markedly altered shapes and/or disks become disturbed in orientation, etc. (3, (5) (6) (7) (8) . Most probably these contribute minimally to the response of the retinal locus sampled, that is, these alterations in cell structures should result in less efficient absorption of incident energy by affected photoreceptors and may affect alignments in nearby photoreceptors.
Preretinal ocular media absorbers, fluorescing elements, scatterers, and postreceptor structures such as drusen, all of which occur with increasing age, can alter retinal distributions of energy (14) (15) (16) (17) . These anatomical and physical properties play lesser roles in measurements of the SCE-I, if (a) only limited age-related changes are present, and (b) stimuli used for assessment of the SCE-I are in the linear range of the Weber function (a stimulus range within which a change in background luminance results in a parallel change in receptor/visual responses). Veiling glare due to changes associated with aging will affect both increment and background test fields, or both sides of a bipartite field (36) .
Separately, mechanisms responsible for maintenance of receptor alignment also must retain their functional integrity if the SCE-I is not altered or is only modestly altered (36) (37) (38) 41, 42) across time. It is important to conceive of retinal receptor alignment as an active process, with the retina exposed continually to a variety of stresses and strains. The retina is exposed to Gforces, traction, microscars, microadhesions, trauma, accommodative strains on the underlying choroid, possible alterations in photoreceptor alignment with eye movements or saccades, and other factors (36, 37) . And because there is evidence for great stability in peak SCE-I locations, and the SCE-I rho factors (one can think of this as including a receptor orientation distributive component), alignment maintenance is an active requirement at all ages. Not only are the small alterations encountered in the SCE-I remarkable, but evidence also suggests that photoreceptor alignment is controlled locally (48) .
DeLint and colleagues (49, 50) recently reported new SCE-I data obtained from a series of individuals studied years previously by Vos and his coworkers. In five of seven subjects studied over a 30-year period, they found no changes in the SCE-I peak position or in the rho value. In the remaining two subjects, they found a small decrease in rho. Age-related macular (central retinal) changes, or ocular media alterations, may contribute to modest changes in the SCE-I function in some older individuals. Increases in vitreous body floaters with aging make SCE-I measurements more difficult.
VernierAcuity or Alignment: Background
Vernier acuity or alignment (VeA) is one of the hyperacuities (51-53). The term hyperacuity was coined by Westheimer, and implies hypersensitive ( or if one prefers, hyperacute) performance. When testing VeA, one determines whether one object in a display is lined up precisely relative to one or more other objects. It is assumed, a priori, that each of the stimuli in the vernier display (e.g., points, lines) is distinguishable from the other one(s). Thus, this is not a resolution or a visual acuity task (20) (21) (22) (23) (24) (25) 102, 103) , and, in addition, it is not a threshold detection task (66) . Vernier thresholds in normal individuals (and hyper- Right, amblyopic eye.
beam position at pupil plane (mm)
.s;
Factors contributing to SCE-I detenninations.-A number of factors contribute to the directional sensitivity of retinal receptors (36, 37, 48) . Included are the optical waveguide properties of retinal receptors. In tum, these are the result of cellular morphology (shape/form), and concentrations of solids of subcellular elements (proteins, lipids, lipoproteins) and the intercellular matrix (the contents of the spaces between the cells). These contribute to the resultant indexes of refraction inside and outside of the individual cells. One must also consider the alignments of the photoreceptors (rods and cones-note, rods are less directionally sensitive than cones), the positioning of the absorbing photolabile pigments within the aligned disklike structures in the individual photoreceptors, and reflections from the postreceptor retinal pigment epithelial cell layer (RPE) and the postretinallayers of the eye. These provide meaningful anatomical, physiological, physical, and physical-ehemical contributions to the SCE-I.
Although changes due to aging occur in the ocular media (3,13-15), in individual photoreceptors, and in the RPE (e.g., settings between test points ranged from 91 to 8 arcmin visual angle). After instruction, at each gap tested, 10 determinations were made. High and low readings in a data set were dropped, and the bias and precision for the remaining group of eight readings were determined (55, 60, 61, 64, 66, 76, 77) . The twopoint vernier test display was presented first, and this was followed by the three-point vernier test display. For the latter, sharp imagery was assessed first; this was followed by tests using a degraded retinal image. Stimuli were high contrast (except those used in ref. 65); ambient lighting was low (and did not affect outcomes).
In Figures 9 A,B, no significant differences were recorded when comparing two-and three-point distributions, and no group was found to differ significantly from another. Figure 9C shows data obtained using degraded imagery (3-point YeA test). These VeA-GF functions were best fit with second order equations and proved not to be age-dependent. This finding means that this form of testing can be conducted (with due concern for required modifications in technique) in the presence of cataract or other forms of degradation of the retinal image. It suggests that the measured threshold vernier acuity (ordinate) versus gap separation function (abscissa; VeA-GF function) is not dependent upon the presence of high spatial frequency components in the ocular image for the larger gap separations.
Studies ofVeA as a function of age were conducted under a variety of conditions (56, 57, 60, 76, 77) . A recent study of normal observers has shown that not only age, but also varying luminance, contrast, test stimuli sizes, test stimuli degradations, test distances (all within specific parametric ranges) do not significantly alter outcomes ifthe individual points of light do not overlap, and these stimuli are presented at superthreshold levels (66) . Not surprisingly, responses obtained using degraded images may have somewhat higher thresholds. In normal observers, vernier thresholds in the presence of image degradation are substantial at small gap separations. At large gap separations, differences in response (degraded vs non-image-degraded) are small and not significantly different (61-64). acuity thresholds, in general), determined under optimal conditions, are of the order of 3 to 8 seconds of arc, and result in discriminations/judgments far finer than the dimensions of the retinal photoreceptor mosaic.
The vernier threshold is estimated by the standard deviation or "precision" of settings of the test targets. Usually, two lines are aligned, one relative to the other (e.g., [51] [52] [53] [54] [55] 58) (62, 63) .
When testing vernier acuity in the presence of image degradation, if sufficient separations of display features (or gap separations) exist between the test objects viewed, the individual, without prompting, determines the centers of gravity (mean position or centrum) of the degraded test points, and aligns them with surprising precision if the retinal images are above threshold detection. This feature is important when assessing vision of patients with dense media opacities, even without a "window" through their opacities (60) (61) (62) (63) (64) 66) . By such means, potential postsurgical visual performance can be predicted.
One cannot generalize relative independence of vernier acuity performance with aging to all tests of vernier acuity (54) (55) (56) (57) (58) (59) (60) 65, (73) (74) (75) (76) (77) . For example, 'just (jump) displacement vernier thresholds" exhibit age-related performance decrements (55, 58, 59 ). The mean setting or "bias" of a set of vernier acuity data also may show alteration with age (54) . Normal vernier acuity precision (standard deviation) determinations may be recorded in individuals exhibiting modest alterations in bias settings (60, 61, 64) .
Most early work has been conducted using either a two-line or two-point YeA display. A three-point vernier acuity test, as employed, has equal gap separations between the three test points of light. The central point is set by the observer exactly in line with two fixed (e.g., vertical) endpoints (Figure 8 ). This test is easier for patients to use than a two-point test display. Recently, for patients ranging from 10-94 years of age, clearly focused two-and three-point YeA displays were tested using a CRT device (60, 61, 76, 77) . Separately, a nuclear cataract was simulated for observers over the age of 20 years. The results of all these YeA tests were minimally age-affected. Below the age of 10, the vernier threshold function has not fully matured (73) (74) (75) (76) (77) . It is usefulto replot the (here, non-image-degraded) YeA-OF datain a histogram-like ''vernieracuity threshold versus age function" or plot (VeA-AF). In this plot, gap separationsare treated as independentparameters. The individual points are connected for each gap separation in Figure 10 .In this figure, if vernier acuity is independent of aging, the individual data setsshouldbe paraIlelto the abscissa (60, 76) .No significant statisticaldifference wasrecorded betweenindividual age groups(10-94 years). And, recallthat thereis increased scatter, reducedluminance, and lowered contrast encountered in eyes of older normal observers (pupil dilation was notemployed in thesestudies).
Thus, this research supportsthe view that there is little or no alteration in YeA thresholds as a function of age when using appropriately selectedand validated YeAtest displays.
VeA: discussion.-How can the YeA near age-invariant response occur (65)? Clearly, this response is a result of neural data processing. Westheimer suggested to Enoch (personal communication, January 1998), that the YeA response system may act something like a differential amplifier(i.e., it is able to (60, 76) . Note: Age-groups 2 and 3 (= B) are the same (but composed of different test subjects, and data were obtained at different times by the same examiner on the same equipment). Both groups 2 and 3 were exposed to identical conditions. A modest vertical adjustment was made to bring columns 2 and 3 into approximate register, i.e., there was an adjustment of slightly less than 0.1 10gIO unit made on all values in column 2. The same vertical adjustment was made in column I. Within the age ranges considered in this figure, no significant differences were recorded in vernier acuity. A still younger group of subjects was tested (an added study); it comprised individuals aged 5-9 years (73-75,77). They had significantly higher vernier thresholds when the gap separation function was tested; therefore, as had been shown by other investigators, one assumes this response function had not fully matured prior to 10 years of age (73) (74) (75) . http://biomedgerontology.oxfordjournals.org/ Downloaded from detect relative differences between signals, but it is not dependent upon absolute values provided by the input system). The latter are age-sensitive. A related and attractive theory is the local sign model of hyperacuity (67) . Here, a precise location is assigned to each element within the hyperacuity configuration and is coded (68) . This coding is a function of separation between features and the retinal eccentricity (69) . Once the two objects or lines have been detected by the system, their relative positions are calculable because (as noted) the fundamental question to be answered in this situation is, "Where is one point or line relative to the other(s)?". There is very little evidence that this process should be affected by age. And, these vernier acuity test stimuli are highly resistantto image degradation, and age-related optical changes therefore will not affect performance of the task. Once the stimulus has been detected, and a local sign has been assigned to individual elements of the stimulus, the process of relative localization (53,70) most probably is accomplished by higher order elements. Various models have been developed to explain performance with various different hyperacuity stimuli (58, 71) . Some of these models can possibly be used to explain the variation in hyperacuity performance as a function of age for different stimulus configurations.
With regard to stability of vernier thresholds with age, as long as no disease process that affects the detectability of the stimulus is at work, there should not be an observable change in the ability of the observer to identify the relative location of objects with normal aging. After stimuli are detected by the retina, the relative localization is computed. The filter model assumes that detection and localization occur at the same stage. It is this property that can be used as a benchmark for studies of aging and their effects on visual functions.
Because the vernier signal is made up of more than one object (two or more points or lines), it is possible to deliver part of the stimulus display through the one eye, and partially through the second eye (with appropriate fixation stabilization controls). Using such bioptic techniques, it can be shown that there is no meaningful difference in result. This implies that these vernier judgments are made (or can be made) central to a retinal locus.
Color Visionand Perception: Background
Human color vision begins with the absorption of light by three different classes of cone photoreceptor (28) (29) (30) (31) (32) . Each class of receptor absorbs quanta over a broad region of the visible spectrum, but the three types differ according to their wavelength of maximal sensitivity at either short-(S-), middle (M-), or long-(L-) wavelengths. It has been known for some time that visual sensitivity under photopic (daylight illumination) conditions decreases with age (see reviews, 1-4), but only in the past decade have stimulus conditions been used that permit the sensitivity of each class of cone to be measured separately over the life span (18) (19) (20) (26) (27) (28) (29) (30) (31) (32) . All studies show losses in S-cone sensitivity with age, but there is less agreement about whether the losses in sensitivity of M-and L-cones occur at the same rate.
Age-related losses in cone photoreceptor sensitivity are partially attributable to a reduction in light reaching the retina due to a smaller pupil diameter (12,13) and reduced light transmission through the lens of the elderly eye (3, (14) (15) (16) (17) ; the remaining losses are ascribable to changes in the photoreceptors and associated neural pathways (5) (6) (7) (8) (9) (10) (11) .
Stability ofcolor scaling across the life span.-Human color
perception is based on a transformation of the signals from the cone photoreceptors into, according to classic color theory (91) (92) (93) , red-green, yellow-blue, and black-white chromatic processes. Age-related changes in the sensitivity of the photoreceptors would be expected to cause age-related changes in the inputs to these chromatic processes. In addition to senescent changes in the intrinsic sensitivity of the cones, senescent changes in the lens cause a reduction in the retinal illumination that is very substantial at short wavelengths (e.g., about 20 times less light at 400 nm will be transmitted by the average 75-year-old eye compared to a 20-year-old eye). As a result, age-related changes in color perception could reasonably be expected (65, 93) .
Color vision and perception: experimental.-In order to
probe for senescent changes in color perception, Schefrin and Werner (87) used a set of stimuli from the Optical Society of America's (OSA) uniform color samples. These are broad band surfaces (like paint chips) that were presented as 2°disks in a gray ganzfeld-like hemisphere with an illuminant close to natural daylight. Fifteen stimuli, five from each of three lightness levels, were used. The samples were selected so that young color-normal observers were required to describe each of the fundamental hue names (red, green, yellow, blue). The subject's task was to describe the percentage of each fundamental hue (red, green, yellow, and blue) contained in the test stimulus. Thus, an orange stimulus might have been described as 60% red and 40% yellow, and a purple stimulus might have been described as 40% red and 60% blue. After a little practice, this task produces reliable results even with untrained observers (90) . Figure 11 presents data obtained from 15 younger (mean age = 21 years) and 15 older (mean age = 72 years) subjects. The figure shows mean hue percentages averaged across stimuli in which a particular hue name was assigned by either group. Despite different retinal stimuli due to lenticular senescence and despite aging of the cones, young and old observers used the same hue names. Indeed, the means for the two groups did not differ by more than about 5% for each hue name (none of these small differences were statistically significant). Stability of unique hues across the life span.-One might question the generality of the findings obtained by hue scaling of broad band surfaces out of concern that the hue-naming technique is not sufficiently sensitive, or does not pinpoint critical loci in color space. Another approach is to find the wavelength at which the activity of the red-green chromatic process (or yellow-blue, but we will consider here only red-green) is in a null state. This occurs at two wavelengths in the spectrum: There is a short wavelength that appears neither red nor green, but purely blue (usually called unique blue because it contains no trace of another hue), and there is a longer wavelength that is unique yellow (i.e., not tinged with red or green). The wavelengths of the unique hues vary reliably among individuals and are important in color theory because they represent stimuli that activate only one of the two opponent-hue processes (91) . Figure 12 shows the wavelengths of unique blue and unique yellow obtained in two studies, each with 50 observers (85, 89) . The stimuli were one-degree diameter spots presented to the point of fixation (fovea). Under the conditions of these experiments, the results were shown to be unaffected by variations in retinal illuminance that exceed the expected variation between younger and older observers due to lenticular senescence. As shown in Figure 12 , the results demonstrate that the wavelengths of unique blue and unique yellow do not change significantly as a function of observer age.
It should be added that Schefrin and Werner (85) also measured the wavelength of unique green, which represents an equilibrium state for a theoretical yellow-blue process. The wavelength of this unique hue did change significantly with age, demonstrating that the technique is sensitive enough to detect age-related changes in color perception.
Stability ofthe whitepoint acrossthe lifespan.-When both the red-green and yellow-blue chromatic processes are in a balanced or equilibrium state, the resultant appearance is hueless or achromatic. The position of this so-called white point in three-dimensional color space is important in color theory, as it depends on the relative strength of the signals from the three classes of cones and a balanced state of activity in the opponent-chromatic processes. Thus, the position of the white point in color space might be expected to shift with age due to lenticular senescence, as well as age-relatedchanges in receptoral and postreceptoral processes.
Werner and Schefrin (89) measured the position of the white point in color space for 50 observers ranging in age from 11 to 78 years. The observers were presented with brief foveal flashes containing a mixture of short-and long-wavelength light. These lights were the subjects' individually determined unique blue and unique yellow. As expected, from opponent-color theory, blue and yellow cancel each other in the proper ratio and the mixture appears neither blue nor yellow, but achromatic. Observer's color-naming responses for various blue/yellow ratios could then be used to identify the achromatic point.
Consider some theoretical calculations of the expected effects of the ocular media on the position of the white point as plotted in Figure 13 using the Commission Internationale d'Eclairage (International Lighting Commission; CIE) u' ,v' color space. The idea is that lenticular senescence will reduce the intensity of the short-wave light more than the long-wave light contained in the mixture of the two. As a result, to produce a particular intensity ratio of the two lights at the retina, the ratio presented to the observer will have to change with age; more short-wave light will be required in elderly observers because more of it is absorbed before it can reach the retina. Thus, the position of the white point (the physical mixture that appears white) in the graph will shift toward short wavelengths with age. Solid arrows in Figure 13 show calculated shifts in the chromaticity of a light mixture that appears achromatic between ages 10 (at the origin of all arrows) and 80 (at the tips of the arrows). The various arrows represent predictions for different pairs of monochromatic lights, as the effect of lenticular senescence varies with wavelength. These predictions are based only on known changes in lens absorption with age. If there are age-correlated changes in the relative sensitivity of the cone photoreceptors and/or their weights at postreceptoral sites, other changes in the location of the white point would be expected. For example, the dashed arrows show the additional shift in the achromatic point that would be expected if there were selective losses only in the S-, but not in the M-or L-cones.
The data points in Figure 13 present the locus of the white point for the mean of observers within various age decades. Contrary to predictions based on the effects of ocular media senescence, the achromatic locus does not change significantly as a function of age. Rather, it is stable in spite of age-related changes in the light arriving at the retina.
Mechanisms to maintain color constancy across the life span.-These results for hue-naming of broad-band stimuli, the wavelengths of unique blue and unique yellow, and the locus of the white point in chromaticity space demonstrate a remarkable degree of stability in color perception across the life span. Still further evidence is to be found in studies of brightness perception (28) and the saturation of spectral lights (32) . Across these studies, different methods were used and various regions of color space were explored, but they all suggest that fundamental aspects of color perception are largely spared from the effects of aging.
In view of well-documented age-related increases in absorption by the lens, relatively less light will reach the retina of older observers, but more importantly for color vision, the distribution of light at various wavelengths will be dramatically altered, with short-wave light dramatically attenuated in elderly persons and longer-wave light less attenuated. The receptors of elderly observers will, therefore, receive a different retinal stimulus than the younger observers and, in addition, the receptors of the elders will be less efficient in absorbing the light. If the losses of photoreceptors outside the fovea (7) or the losses of retinal ganglion cells (10) were not random, but affected one class more than another, there would likely be further change in the balance or color signals at subsequent levels. Maintaining the same color percept in young and old under these conditions implies that one or more processes compensates for age-related changes in the signals generated by the cone photoreceptors.
A number of compensation mechanisms have been proposed to facilitate color stability across the life span (82), the most important of which is likely to beadaptation within the individual photoreceptors themselves. Much of the postreceptoral processing of chromatic signals depends on the relative rather than the absolute signals from cones. Thus, if the rates of aging for all three cone classes were the same (26, 31) , the relative sensitivities of the cones would be maintained, despite changes in absolute sensitivity. This would greatly facilitate color constancy across the life span. Even if the receptors themselves did not lose sensitivity at the same rate, rebalancing at a postreceptoral site could presumably accomplish the same goal.
It is known that the visual system is able to rebalance the activity of the photoreceptors in a way that supports color constancy across changes in illumination. This rebalancing is equivalent to reducing the sensitivity of each receptor type in proportion to its activation (this is known as von Kries adaptation), so that a constant output signal is elicited by a particular stimulus under varying illuminants. This same process could support stability in color perception across the life span if, for example, the receptor sensitivities were continuously scaled to yield constant sensitivity ratios with changes in the retinal illumination caused by lenticular senescence. Werner and Schefrin (89) quantitatively evaluated such a model, assuming a rescaling of receptor sensitivities with lenticular senescence such that each cone type produces equal-quantum catches for an equalenergy light (an arbitrary achromatic locus). This simple model is adequate to account for all the data presented here. In particular, such rescaling of the photoreceptor sensitivities would maintain a constant achromatic point as well as constant unique blue and yellow hues across the age range of our studies.
Positional Acuity: Spatial Interval Discrimination Performance in the Peripheral Retina
Latham and Barrett (95, 96) added a new test ofhyperacuity to the list of visual functions that are relatively age-independent. They chose to study a hyperacuity response function at locations peripheral to the point of visual fixation (1.25°and 10.0°). At these different radial distances (stimuli were located along iso-eccentric arcs) from the fixation point of the eye, two separated Gaussian-modulated luminance stimulus patches were presented. The perceived spatial lengths of the paired patches were assessed. Suprathreshold stimuli were employed. As in all hyperacuity judgments, relative assessments were made. Here, the ability of observers of different ages (mean of 25.9 vs 70.1 years of age) to judge the equality of extents of pairs of stimuli was tested. At both eccentricities tested, no significant differences associated with observer age were found for the different stimulus separations.
5/6. Layer-by-Layer Perimetry: The Westheimer Function and Modulation-Induced-Desensitization Tests
The Westheimer function and the modulation (motion)-induced-desensitization tests are quite different from the other visual functions considered previously. Just as the hyperacuities and vernier acuity differ from visual resolution and visual acuity (2G-25,102,103) , and assessments of perceptual constancies are different from these, increment threshold techniques (used VISUAL FUNCTIONSMINIMAlLYAFFECTED BY AGING B347 in these tests) represent another important set of visual response functions (e.g., [36] [37] [38] . It is a question of how one reveals or samples the underlying physical/physiological properties of the relationship considered. Anytime an observer reports, "I see the light spot," the entire visual system is activated from retina to conscious awareness of the stimulus. The trick in test design is to define stimuli to allow dominance of one or another part of the visual pathway (based on local response properties) in order to allow an investigator/clinician to focus better on some subsection of the whole (97, 98) . This does not eliminate the whole, but biases the test outcome to a sub segment of the visual response system or chain. By this means, one can (with extreme care) draw inferences about contributions of subsystem elements or subelement reactions. Use of well-defined localized ocular disease processes, and their exacerbations and remissions, aids in these analyses (97) (98) (99) .
Methods: The Westheimer Functionand Modulation-InducedDesensitization Tests
Each of these tests seeks to relate (as best possible) a psychophysical test to underlying retinal data processing of visual stimuli. An increment threshold technique is used to sample the underlying inferred retinal neural properties sampled in these two test designs (95) (96) (97) (98) (99) . The Westheimer function emphasizes retinal spatial interactions at a given test locus (97) (98) (99) 101) , and the modulation-induced-desensitization (MID) test samples retinal temporal interactions to rotating windmill-like targets (actually, these displays more closely match Maltese crosses) recorded in specific areas of the visual field (97-100). For descriptions of these tests, see Appendix, Note 3.
Aging Effects: Westheimer Functionand MID Tests
Comerford and coworkers examined properties associated with the Westheimer function (101) and the MID tests (100) as a function of age. In both studies, they tested individuals between 20 and 69 years of age. For each decade of life sampled, and for each of the two test paradigms, they assessed 4 male and 4 female subjects, or a total of 40 subjects. In studies of the Westheimer function, these investigators tested two points in the nasal visual field, one 8°above the horizontal meridian and a second one below the horizontal meridian. VIrtually no effects were shown up to age 49, and only very slight decreases in desensitization effects were noted in the Westheimer function between ages 50-69 years (101). In the associated analysis of variance, age differences were not found to be significant.
In the MID study, Comerford and colleagues tested right eyes of their observers at 0°,4°, 8°, 12°, and 16°nasal eccentricities. A 50% "duty cycle" (equal dark and light vanes in the windmill target) was employed, and the windmill target had four vanes. Again, there were eight normal observers in each age group, and eccentricities were randomized. An age versus eccentricity analysis of variance showed that the MID was not significantly affected by age. They also confirmed earlier studies that showed the MID was affected by eccentricity of the test locus (97) (98) (99) .
These findings imply that these visual response functions, the Westheimer function and the MID, are relatively agechange resistant in normal observers. These functions have been inferred to be dominated by retinal neural function(s) and, respectively, sample spatial and temporal responses. 3. Can the findings reported here be generalized to related responses? For example, certain vernier acuities are ageindependent; vernier acuity is one of the hyperacuities. Are all, or a substantial number, of the hyperacuities not affected by aging processes? Spatial interval discrimination or positional acuity, also described previously (95, 96) , is also a hyperacuity test and is apparently age-independent. However, a number of hyperacuities including certain vernier acuities are not ageindependent. Modest alterations in technique, or even measurements of different properties of the same function, need not provide common age-independence (54, 55, 58) . This means that each measured function needs to be assessed one by one, and we cannot generalize from one relationship to another.
4. What, if anything, does this class of unusual responses/ functions have in common other than functional age stability? Why do these functions riot show changes with aging? a. Although each of these visual functions is quite different from the others (with the exception of the recent findings reported by Comerford [100, 101] ), there is a common finding. A number of these are relative judgments. At any given retinal locus, normal photoreceptor alignment (SCE-I) is stable relative to a point near the eye pupil center. A vernier judgment requires alignment of one line or point relativeto either an internal reference (e.g., the vertical) or to two or more other lines or points. In the case of positional acuity, the extent of one line or pair of points is judged relative to the extent of a second line or pair of points. In the case of chromatic constancies, a given hue is judged relativeto other hues or an internal reference derived from the activity of three classes of receptors. None of these represents an absolute judgment.
b. The visual functions defined as age-resistant by Comerford (the Westheimer function and the MID function) are not relative visual functions. They most probably reflect retinally dominated spatially and temporally defined neural by guest on November 7, 2016 http://biomedgerontology.oxfordjournals.org/ Downloaded from synaptic events. That is, these responses are dominated by distance (across the retina) functions reflecting structural neural retinal components. While these responses show some changes in included areas of neural interaction at lower luminance/ adaptation states, these responses are not altered meaningfully at higher luminance/adaptation levels.
It may be that there are some neurons that are not affected by age except in the presence of specific disease processes, or broader all-inclusive degenerative processes. For example, we know that the Westheimer function and the MID visual functions are affected by disease entities spreading inward in the retina from outer retinal loci (i.e., from the photoreceptor layer/pigment epithelial layer), or caused by local microvascular anomalies (as in diabetic retinopathy), or by local changes occurring within the layers where these functions seem to dominate response processes, for example, glaucomatous visual field anomalies (97) (98) (99) .
c. Another aspect of this argument may be addressed by considering the theories of Austed (104) . He suggests a selective evolutionary role for functions associated with aging, somewhat similar to arguments advanced by Darwin. Clearly, the research reported here is still too fragmentary to make meaningful statements along these lines. However, it is reasonable to ask if these particular response functions are of particular importance to the survival/longevity of the individual.
What does it mean, or what are the consequences, if an
individual has abnormal responses in one or more of these functions? Does the appearance of a decrement in performance in one of the identified functions signal interference by another mechanism? In the case of the eye, this might be due to scattered light, the presence of absorbing pigments in the ocular media or fluorescing ones, and so on. Similarly, such decrements might be due to degeneration of receptors or traction on photoreceptors in the area of the retina sampled as part of an SCE-I test. Or, it is possible that such changes signal the existence of a form of debility or infection at the assessed test locus, and, in tum, these changes could indicate the presence of broader health problems such as hypertension and diabetic changes. 6. Can we use knowledge gleaned about these functions in order to sustain other processes? And can we learn to use these age-resistant processes to compensate for specific losses in different response functions? As examples, one of the ageindependent vernier acuities can be utilized in order to measure or assess fine estimates of lengths, percentage of filling of a container, and so forth. Another possible example is the use of retained skills associated with syntax to cover, at least partially, memory deficits that are encountered in daily life.
7. Because of their relative age stability and other features, these functions can be used as reference (or "gold") standards in studies of aging (65, 78, 79) .
A recurrent problem encountered in vision research, particularly in clinical applications, is the difficulty in setting broadly based and generally accepted standards for testing of visual functions (visual acuity, perimetry, color vision testing, etc.). There are many reasons for this, but the availability of ageindependent response functions can only be of help in our efforts to develop reference standards applicable to the population in general (78, 79) .
Several aspects of discoveries of visual functions unaffected or relatively unaffected by aging require serious consideration, and these may provide important insights into aging processes per se and the management of aging individuals. Perhaps the cup is half-full.
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A White House Conference on Aging, organized by the Lighting Research Institute Board of the Illuminating Engineering Society, was held in Orlando, Florida, in March 1995. The purpose of this meeting was to consider the effects of aging on vision and age-related factors associated with lighting. This was a first for this organization, and there were presented a remarkable group of papers on age-related visual properties, and design and lighting for institutions serving both healthy and ill aging populations (1) . Audiotapes of this meeting are available from individual board members and some libraries.
Motivated by a subset of papers presented at the Orlando meeting (1) that addressed visual functions not significantly affected (or minimally affected) by aging, the Academic Geriatric Resource Program (AGRP) of the University of California at Berkeley (in particular, Prof. William Satariano and Dr. Diane Driver), and the School of Optometry at the University of California at Berkeley (in particular, Dean Anthony Adams, Prof. Ian Bailey, and Dr. D. Carter working with Prof. Enoch) kindly sponsored a one-day symposium on this topic in May 1997. This article is an expanded summary of that meeting and additional recent findings. Our intent is to introduce these investigations to the academic community and to direct interested parties to the pertinent, multifaceted, and updated literature. Audiotaped recordings of the May 1997 program are available through the libraries of the AGRP and the School of Optometry at the University of Califomia at Berkeley.
VISUAL FUNCTIONS MINIMAUYAFFECTED BYAGING
B351 log 10 unit (or more), and the small incremental test field is flashed at 2 Hz (exposures per second). The duration of each flash is greater than the critical duration and less than saccadic eye movement latency. A third luminous background field is then introduced upon the general surround field. It is centered upon the enhanced small incremental flashing test field. In the Westheimer function, the background field of defined diameter is altered in luminance in discrete small steps to bring the enhanced small flashing field to just detection. That background luminance resulting in just detection of the incremental field is the measure sought. The test is repeated for a number of different background field diameters. The resultant function includes a central desensitization component. This is surrounded (generally) by a sensitization component. Finally, the function asymptotes to a constant level of response. Alternative increment threshold measurement techniques may be employed. In the modulation-induced-desensitization test (MID), the same surround field and flashing test field are employed. The windmill-shaped background field is set at a predefined optimal diameter for a given eccentricity of test locus from the point of fixation, and it is rotated at an optimal rate. The enhanced flashing small incremental field is brought to threshold first with the windmill pattern stationary at the defined test locus, then again with the background field rotating. The difference in the background luminance needed to bring the incremental field to just detection in the two measurements is inferred to be due to temporal response properties at or near the test locus in the visual field. That difference, the MID, is a desensitization or increase in threshold.
